The effect of in vitro methylation at the Hpall sites in polyoma DNA on viral gene expression and the maintenance of the methyl groups upon replication in vivo were examined. Most of the methylatable sites are located in the early region coding for the viral large T antigen which is essential for the replication and infectivity of the viral DNA. Methylated or mock-methylated polycma DNA produced the same number of virus plaques appearing at the same time pos t-trans feet ion in either case. The lack of effect on the infectivity of the viral DNA indicates that the expression of the T antigen gene was not inhibited by methylation. Repl ication in vivo of the DNA also resulted in a total loss of the methyl groups introduced in vitro. These results underscore basic differences between the behavior of an autonomously functioning papovavirus DNA and the animal cell DNA vis-a-vis methylation at CpG sites. These differences might be due to subtle variations in the mechanism of regulation of gene expression and replication in the two systems.
INTRODUCTION
The only nucleotide occurring in the methylated form in the nuclear DNA of vertebrates is 5-methylcytosine (5meC) (see ref. 1-3 for reviews). 5 meC occurs at a frequency of 1 to 3% of the total cytosine residues in vertebrate nuclear DNA. 5 meC almost always occurs as part of the dinucleotide CpG. Not all of the CpG sequences in the cell DNA are methylated in a given cell type. Species-and tissue-specific variations in the extent of methylation have been noted. The DNA methylation pattern of a parent cell is faithfully inherited by its daughter cells of the same type.
Seme of the 5 meC residues in the cell DNA can be probed by use of certain bacterial restriction endonucleases whose recognition sequences contain the dinucleotide CpG. The majority of these enzymes do not cleave at those sites in the DNA in which the CpG sequence is methylated. Especially useful are the isos chizomeric restriction endonucleases R. Hpall and R. Ms pi. Both recognize the sequence CCGG. R. Hpall cleaves at this sequence only if the second C is not methylated; R. Mspl cuts it even if it is methylated (4) . With the help of these and other CpG-specific restriction endonucleases it has been shown that the rabbit (4), chicken (5) and human (6, 7) globin genes and the chicken ovalbumin gene (8) are undermethylated in tissues in which they are expressed compared to those in which they are not. The same is true for the integrated genomes of human adenovirus 12 (ref. 9) and Herpesvirus saimiri (10) in cells transformed by these viruses; those viral genes that are expressed are undermethylated compared to others that are shut off. In extension of these studies it has been shown that in vitro methylation of the Herpes Simplex Virus 1 (HSV-1) or chicken thymidine kinase (tk) genes at the CCGG sites reduces their transformation efficiencies by about 3 to 20 fold (11, 12) .
In contrast with the integrated form present in transformed cells, the autonomously functioning, unintegrated form of adenovirus DNA produced in lytic infection of permissive cells is essentially unmethylated (13) . Similarly, the amplified rDNA of Xenopus oocytes is unmethylated whereas the somatic cell DNA coding for ribosomal RNA genes is methylated (14) . These data suggest that in vertebrates the methylation pattern of an automonously replicating DNA may be different from that of the cell DNA. However, it is not known whether methylation of the CpG sites of a gene present within a genome functioning autonomously in a mammalian cell affects its expression; it is also not known whether methyl groups so introduced are maintained over several generations. In this study I ask these two questions using for my experiments the DNA of polyoma virus which replicates and functions autonomously within mouse cells.
Polyoma DNA contains eight Hpall restriction sites which can be methylated in vitro with the Hpall methylase. The bulk of these sites are located within the early region coding for the large T antigen (15, 16) , a viral protein essential for the initiation of each round of viral DNA replication (17) . If methylation affects the expression of the large T antigen gene, it would in turn affect the infectivity of the viral DNA. In the present study I have examined the effect of ia vitro methylation on the infectivity of polyoma DNA and monitored progeny viral DNA for the maintenance of the methyl groups introduced. DNA methylation reactions were performed in 50 mM Tris HC1 pH 7.5, 5 mM EDTA, 10 mM DTT, 2 pM S-adenosyl methionine, 100 pg/ml bovine o serum albumin and an excess of Hpall methylase for 2 to 4 hr at 37 C essentially as outlined by Yoo and Agarwal (18) . The methylase was emitted in mock-methyl at ions . R. Hpa II and R. Mspl digestions of DNA were performed in 10 mM Tris-HCl pH 7.5, 8 mM MgCl,> 6 mM 2-mercaptoethanol, 6 mM NaCl and 100 pg/ml bovine serum albumin for several hours at 37 C • Whenever the methylations were to be followed by restrictions, the methylated DNA samples were extracted with phenol and then with chloroform and precipitated with ethanol before the restrictions .
MATERIALS AND METHODS

Swiss
Preparative (microgram) quantities of polyoma foim I DNA were methylated with M. Hpall and then cut exhaustively with a tenfold excess of R. Hpa II to ensure that any remnants of unmethylated DNA I will be cut down to the eight Hpall fragnents with one of the cuts being made within the viral replication origin. The methylated polyoma DNA I resistant to R. Hpall was used in transfection experiments.
DNA transfections were carried out on subconfluent monolayers of 3T3D cells in presence of 500 \x g/ml DEAE-dextran (19) . For plaque assays, serial dilutions of the methylated and mock-methylated polyoma DNAs were prepared and the assays were performed according to standard procedures (20) . Plaques appearing 10 to 12 days post-transf ecti on were counted and specific infectivities of the DNAs calculated.
Transfecticn experiments for the purpose of isolation and characterization of progeny viral DNA were carried out using 1 |Jg of methylated or mock-methylated DNA I per 100 mm Petri plate of cells. 72 hr posttransf ection, form I polyoma DNA was isolated byHirt extraction (21) followed by isopyenic centrif ugation in CsCl (22) . Resistance or sensitivity of the isolated DNA to R. Hpall and R. Mspl was determined by digestion with these enzymes followed by electrophoresis on 1.4% agarose gels. The gels were stained with ethidiun bromide and the DNA bands visualized under ultraviolet light using a Fisher UV transillundnator and photographed using a Polaroid MP4 camera. RESULTS
In the DNAs of higher animals and their viruses the dinucleotide CpG occurs at a much lower frequency compared to the other possible dinucleotides (23, 24) . Polyoma DNA is no exception to this rule and the frequency of occurrence of this doublet is 25% of the value calculated from the G + C content of this DNA derived from its known nucleotide sequence (15, 16) .
A good proportion of the CpG doublets in the early region of polyoma occurs within Hpall restriction sites (Table 1) . Five out of the six Hpall sites in the early region occur within sequences coding for the large T antigen, a protein essential for the infectivity of the virus; the sixth Hpall site lies within putative regulatory elements in the DNA.
The Hpall sites located within the coding sequences of large T antigen are also shared by the overlapping small and middle T antigens.
In comparison with polyoma DNA, the DNA of the related papovavirus SV40 does not contain any Hpall sites within the large T antigen gene (25, 26) . This difference marks polyoma DNA as more suitable for the study of the consequences jji vivo of methylation in vitro at the Hpall sites.
The frequency of occurrence of Hpall sites in the polyoma large T gene compares favorably with those in the HSV-1 and chicken tk genes (Table 1 ). The HSV-1 tk gene contains a disproportionately high number of CpG doublets compared to most animal virus genes and this fact is reflected in the large number of Hpall sites that it contains (27) . + Stable biochemical transformation of tk cells to the tk phenotype by the tk gene requires its integration into the cell DNA and its subsequent expression is analogous to that of a cellular gene (28) . In vitro methylation at the Hpall sites of the HSV-1 and the chicken tk genes reduces their transformation efficiency several fold (11, 12) . I was interested in examining whether a similar phenomenon occurs upon methylation of the polyoma large T gene, a region essential for the infectivity of the virus. In vitro methylation efficiency of polyoma DNA
The efficiency of methylation of polyama DNA was determined by incubation of the DNA for several hours with a five-fold excess of Hpall methylase followed by extensive digestion with R. Hpall or R. Ms pi and fractionation of the digests by electrophoresis on 1.4% agarose gels.
Methylated polyoma DNA digested with R. Hpall remained completely in the form I position in the gel with no detectable fragmentation (Fig. 1) .
Digests of methylated polyoma DNA I with R. Ms pi exhibited the characteristic fragmentation pattern also seen in the R. Hpall and R. Mspl digests of mock-methylated polyama DNA I (Fig. 1) . Treatment with a five-fold Table 2 . The rather unexpected result was that the methylated DNA I gave rise to the same number of viral plaques as the mock-methylated DNA I. There was also no delay in the appearance of plaques due to the methylated DNA I; they appeared at the same period Progeny viral DNA made by transfection with mock-methylated or methylated polyoma DNA I gave identical digestion patterns. Both the DNAs were very sensitive to both the isoschizomeric restriction endocnucleases and showed the characteristic fragmentation pattern (Fig. 2) . The sensitivity of the progeny viral DNA to R. Hpall demonstrates conclusively that the methyl groups placed iji vitro at the CpG sites are lost upon autonomous replication of the methylated polyoma DNA. The result again contrasts with the heritable nature of methyl groups placed at CpG sites in exogenous DNA integrated into the animal cell DNA (11, 12) and the faithfulness of maintenance of the methylation pattern of the DNA of a given cell type upon cell division (14, 31) . Table 2 , I conclude that methylation has no effect on the expression of the polyoma T antigen gene. 
